INTRODUCTION
Fabry disease (OMIM 301500) is a panethnic, X-linked, multisystemic, progressive lysosomal storage disorder caused by mutations in the GLA gene. These mutations result in decreased or deficient levels of the enzyme α-galactosidase A (α-gal A) (EC 3.2.1.22). This α-gal A deficiency causes the accumulation of globotriaosylceramide (GL3 or GB3) and related glycosphingolipids in many cell types, including, importantly, the vascular endothelium. 1, 2 Glycosphingolipid storage initiates a cascade of events, beginning with the dysfunction of basic metabolic processes on the cellular level and progressing to cell death, inflammatory events, and progressive major organ dysfunction. 3 The incidence of Fabry disease ranges from 1 in 1,250-117,000 live male births worldwide, and an increased incidence of mutations are expected to result in later-onset Fabry symptoms. [4] [5] [6] [7] [8] In the United States specifically, newborn screening has detected a high rate of Fabry disease among newborns, particularly those with GLA mutations currently categorized as later onset, with an incidence ranging from approximately 1 in 3,000 reported by the newborn screening data from Illinois and Missouri to 1 in 7,800 (males) in Washington State. [9] [10] [11] [12] Childhood symptoms of classic Fabry disease in children from 5 to 18 years old are increasingly well described. The largest review of pediatric patients with Fabry disease younger than 18 years included 352 patients ranging in age from 0 to 17 years, with a median age of 12 years. In the review of Fabry registry data by Hopkin et al., 13 the median ages at symptom onset were 6 years in boys and 9 years in girls. The most frequently presenting symptom in boys and girls was neurologic pain, which was reported by 59% of boys (median age, 7 years) and 41% of girls (median age, 9 years). However, the age at symptom onset varied from individual to individual, even within the same family. 13 Despite reports of burdensome symptoms in both boys and girls during childhood, Fabry disease is often considered an adult-onset disease by health-care providers who are less familiar with the condition. 13, 14 Although not typically life threatening, these symptoms clearly impact the health and function of affected children, both boys and girls. [13] [14] [15] [16] The limited information available on Fabry disease in early childhood has made application of the guidelines of the pediatric Fabry Registry and American College of Medical Genetics and Genomics difficult in the population of children diagnosed prenatally or during infancy. 17, 18 A better understanding of the manifestations of Fabry disease and its effects during the newborn and early childhood period will provide valuable information on disease progression and assist clinicians in SyStematic Review personalizing published monitoring and management guidelines from birth. Herein we review published studies and case reports of the manifestations of Fabry disease in infants and children diagnosed during early childhood and discuss strategies and monitoring recommendations for newborns, infants, and young children with Fabry disease.
MATeRIALs AND MeTHODs
In June 2014, we performed a systematic retrospective analysis of peer-reviewed publications and case reports about the pediatric Fabry population using PubMed. The initial PubMed search began with the search terms Fabry disease AND children. This search yielded a total of 504 references, of which 95 were relevant. Relevant papers had publication dates ranging from 1969 to 2014. Additional searches used terms that included Fabry disease AND pediatric, Fabry AND pediatric, and Fabry AND children. The number of relevant publications reviewed was expanded via references from available pediatric papers and other review papers. Only data that could be confirmed as data from patients in the age category of interest (before birth to younger than age 5 years) were included in this analysis. In total, a review of 120 papers provided information on 41 individual patients younger than 5 years of age, with 14 descriptive reports yielding specific case examples.
ResULTs

Fabry disease in the fetus
Prenatal and neonatal studies of the histopathology of Fabry disease before birth have confirmed that pathogenic GL3 accumulations occur in the maternal region of the placenta, fetal tissues, and the fetal placenta regions of affected males. 19, 20 In fetal males affected by Fabry disease, these accumulations have been found in renal, myenteric plexus, and liver cells. [19] [20] [21] [22] Corneal whorls also were detected as early as 22 weeks gestation in a male fetus. 23 This prenatal storage suggests that the process of Fabry disease may lead to early childhood symptoms. Table 1 summarizes the reports used for this review. The most frequently reported symptom in all age groups younger than 5 years was acroparesthesia/neuropathic pain, which was reported in 9 children ranging in age from 2.0 to 4.0 years. The frequency of gastrointestinal issues reported in six children aged 1.0-4.1 years is also notable. Table 2 lists classic Fabry disease symptoms and highlights the youngest age at which they have been reported in the literature.
Fabry disease during early childhood
The scarcity of published data on the impact and symptoms of Fabry disease in pediatric patients younger than 5 years of age is in part because of the small number of patients identified during early childhood and in part because of the limited assessments performed on and reported for patients in this age group. Before 2003, Fabry disease did not have a US Food and Drug Administration-approved treatment, women were mistakenly considered unlikely to present with symptoms, and Fabry disease was often viewed as a later-onset condition.
Combined with concerns over the impact of preexisting conditions on insurance, patient autonomy, and worries about the medicalization of childhood, at-risk family members were often not tested or evaluated until they developed Fabry-related symptoms or were older than 18 years. 24, 25 Accordingly, before newborn screening, published information on symptom onset during ages 0 to 4 years was obtained primarily from symptomatic children in the cohort of affected family members of probands.
When symptoms are reported in a general summary of early childhood features (younger than 5 years), they most frequently include gastrointestinal dysfunction, episodic pain crises, hypohidrosis, acroparesthesia, corneal whorls, retinal vascular tortuosity, mean height/weight <50th percentile (boys only), and abnormal heat and cold tolerance. 13, 15, 16, [26] [27] [28] [29] [30] [31] [32] (Table 1) . Notably, most children (boys and girls) younger than 5 years of age in the literature are reported to have only one or two of these most frequent symptoms. The variability in symptom onset is likely due to low numbers; a focus on a single-organ symptom assessment based on specialty; difficulties assessing pain in nonverbal infants and small children; differences in assessing pediatric symptoms (questions asked, patient/parent self-report, objective assessment); gender differences in symptom onset; and the variable nature of Fabry disease. Given the small number of cases reported in the literature and that a small number of both males and females in the <5-year-old population have symptoms reported, data are not analyzed separately by gender. The limited genotype data available for published cases also prevents meaningful analysis of genotype-phenotype correlations in this article. Each case with available demographics and genotype is listed in Table 1 .
Heat/cold intolerance. Heat and cold intolerance in the youngest pediatric patients affected by Fabry disease is believed to result from abnormal autonomic nerve function and infiltration of the sweat glands by storage material, resulting in symptoms that include hypohidrosis, exercise intolerance, and pain. In the heat, affected patients may present with flushing, onset of neuropathic pain, headaches, fatigue, or heat stroke. In the cold, patients may complain of increased pain or numbness in the extremities. 15, 33, 34 In the under 5-year-old age group, there are reports of three children affected by heat and cold intolerance at ages 3.5, 4.0, and 4.4 years. In all three of the reported cases, temperature sensitivity was associated with hypohidrosis or decreased sweating. Only one case of hypohidrosis without heat and cold intolerance at age 2.5 years was reported.
Neurological symptoms. The neurological symptoms of Fabry disease in the youngest pediatric population are related predominantly to a small-fiber neuropathy, leading to exercise intolerance, pain in the hands and feet, hypohidrosis, and periodic acute pain crises. Autonomic nervous system dysfunction may also be an accompanying feature of Fabry disease, causing gastrointestinal issues. 35 Neuropathic pain (including chronic pain and acute pain crises) in the hands and feet (acroparesthesia) and tingling are usually intermittent in this population and triggered by extreme temperatures, fevers, fatigue, stress, overheating, or exercise. 34, 36, 37 There are published reports of 10 children in the early childhood age group with acroparesthesia/neuropathic pain, ranging in age from 2.0 to 4.0 years. There are also reports of pain crises specifically in one 2.5-year-old and one 4.0-year-old. 13, 16, 27, 28, 31, [38] [39] [40] [41] Although not as common in the population younger than 5 years of age, children affected by Fabry disease can exhibit reduced sweating or hypohidrosis, as found and reported in four children ages 2.5-4.0 years. 16, 41 This may combine with autonomic dysfunction to result in exercise and heat intolerance, although it has not been studied in children younger than age 5. 42, 43 Early microvascular cerebral involvement in the form of white matter lesions has been demonstrated by magnetic resonance imaging in asymptomatic patients as young as 8 years of age. We found no reports of brain magnetic resonance imaging in children younger than 5 years of age. 44 Growth. Fabry disease is reported to affect the rate of physical growth and onset of puberty in boys. 13 However, in the Fabry Registry, three male infants (ages 0 to <2 years) and six in early childhood (ages 2 to <5 years) were, on average, between the 40th and 50th percentiles for height and weight. The only female infant between ages 0 and <2 was at the 90th percentile for height and weight. The average height and weight for pediatric patients aged 2 to 5 years differed by gender. The six described boys were between the 40th and 45th percentiles for height and weight, and the three girls were at the 50th percentile, with weight at the 70th percentile. 13 This supports the conclusion that growth problems are probably not part of infancy and are minimal during early childhood because there is limited disturbance of early growth. The growth abnormality seen in older children and teens likely results from progressive disease.
Dermatologic symptoms. Angiokeratomas are frequently found in patients with Fabry disease who are older than 5 years of age. In our review, however, only one patient (aged 4.0 years) was reported to exhibit visible angiokeratomas. 41 During the literature review, there was also one case report of a 12-month-old boy found to have zebra inclusions in his endothelial and perithelial cells on skin biopsy despite the lack of visible angiokeratomas. 45 In affected patients, changes in angiokeratomas do not usually correlate to disease severity; they may rarely occur in a friction-prone location, resulting in bleeding or discomfort for the patient. Recognizing and monitoring this Fabry disease feature may improve quality of life by identifying irritants and avoiding concern/misdiagnosis by general practitioners unfamiliar with this predominantly benign skin finding.
Ophthalmologic symptoms. Ophthalmologic findings (corneal whorls, vessel dilation, and tortuosity) may present in childhood before the presentation of other more severe symptoms. 32 Fabry-related ophthalmologic manifestations in the early childhood population usually do not affect vision. In the early childhood age group, there are six symptomatic children reported: five with corneal whorls (0.5-4.1 years old) and a 4-year-old with retinal vascular tortuosity. 29, 32, 41 Reported data suggest that the presence of retinal vascular tortuosity can be correlated with disease severity in children. 32 Audiologic symptoms. Audiologic symptoms in the pediatric population with Fabry disease are usually related to highfrequency hearing loss or intermittent tinnitus. 46 Fabry-related hearing symptoms were reported in only one 4-year-old with auditory issues and included hearing impairment, tinnitus, and vertigo. 32 A study of 14 audiograms in young children by Keilmann et al. 46, 47 found results consistent with reports that most children affected by Fabry disease have normal hearing.
Gastrointestinal symptoms. Gastrointestinal symptoms in the pediatric population with Fabry disease are often reported as abdominal pain, nausea, vomiting, bloating, and alternating episodes of diarrhea and constipation. These symptoms are probably related to gastrointestinal dysmotility caused by autonomic dysfunction. 36, 48 In early childhood reports, gastrointestinal issues were reported in six children 1.0-4.1 years of age. Specific issues included gastrointestinal pain in four children, as well as additional findings that included one or more of diarrhea, constipation, nausea, and vomiting in three children. 32, 41, 49 Cardiac symptoms. Cardiac abnormalities, such as chest pain, minor cardiac valve disease, increased left ventricular mass 30 of four early pediatric patients (under 5 years of age) who were naive to therapy found two 4-year-old boys exhibiting a T-wave inversion, indicating repolarization changes in lateral leads on electrocardiography. In addition, Allen et al. 32 reported a 4-year-old with chest pain and trivial valve disease, including tricuspid and mitral regurgitation. Life-threatening cardiac symptoms, such as severe arrhythmias and cardiac failure, are not reported in the pediatric population before the teenage years. 30 Renal symptoms. Najafian et al. 51 reported storage of GL3 in biopsied kidneys as early as age 4 years, with GL3 inclusions in all glomerular cell types. Reports of clinical renal involvement in the pediatric population with Fabry disease are limited but may include microalbuminuria, proteinuria, and reduced glomerular filtration rates. Among the published cases of patients younger than age 5 years, there is one reported case of clinical renal involvement in a 4-year-old boy with an estimated glomerular filtration rate of 56 ml/min/1.73 m 2 . 13 Given the rarity of a significant decline in glomerular filtration rate or significant proteinuria in young children, its presence should prompt examination for other causes, including performing a renal biopsy. However, renal damage, including foot process effacement, occurs before there is clinically evident proteinuria. The small-scale study by Tøndel et al. 52 reported that regularly monitored urine albuminto-creatinine ratios (ACRs), even within the normal range, can be informative about disease progression and treatment response. The study results indicated that when receiving enzyme replacement therapy (ERT), urine ACRs decrease in parallel to the decrease in podocyte GL3 deposits, even if the urine ACR was not above normal limits.
52,53
Monitoring suggestions
The American College of Medical Genetics and Genomics Work Group on Diagnostic Confirmation of Lysosomal Storage Diseases, expert committees, and the Fabry Registry board have published guidelines and recommendations for the management and monitoring of pediatric and adult patients affected by Fabry disease. 3, 17, 18, 25, 54 After confirming the diagnosis of Fabry disease, the American College of Medical Genetics and Genomics published guidelines for pediatric patients, which include the following:
• Referral to an appropriate medical professional, such as a medical geneticist and/or metabolic specialist, for a baseline evaluation of Fabry-related symptoms and a genetic counselor to discuss X-linked inheritance pattern and recurrence risk • Discussion of the natural history of Fabry disease • Medical history review, with a focus on gastrointestinal symptoms, pain, sweating, and heat and cold intolerance
• Baseline physical exam and vital signs, including height, weight, and blood pressure • Construction of a detailed family history to identify other at-risk family members • Baseline diagnostic studies as appropriate for age group, which may include electrocardiogram, echocardiogram, ophthalmologic examination, renal function tests (glomerular filtration rate, microalbumin, albumin, and protein), and plasma and/or urine GL3 • Genetic counseling for family, including X-linked inheritance pattern, recurrence risk, and identification/testing of at-risk family members • Monitoring every 6-12 months by a medical professional familiar with Fabry disease, such as a medical geneticist or metabolic specialist, to monitor patient for the onset of Fabry-related symptoms • Development of a comprehensive monitoring and treatment plan, including the option of ERT When utilizing these guidelines, attention to age-specific validity should be given to the infant to 4-year-old age group in light of available published data on timing and severity of symptom onset. The core elements of a baseline assessment in this population should focus on referral to a medical professional experienced in the care and treatment of Fabry disease assessment of the child for pain (extremities and gastrointestinal), growth, heat/cold intolerance, and renal function (focused on routine urine ACR every 6-12 months); education of the parents about the identification and management of early symptoms of Fabry disease (heat/cold intolerance, gastrointestinal symptoms, and pain); genetic counseling about the natural history and inheritance of Fabry disease; construction of a detailed family history to identify and test at-risk family members; and creation of a detailed monitoring and treatment plan for the condition. The detailed monitoring and treatment plan should include a preliminary determination of visit frequency during the first few years of life. This plan should be considered flexible and be reassessed on a regular basis because some children may experience the onset of early gastrointestinal or pain symptoms that would require more intensive monitoring and treatment. However, given no evidence of clinically significant cardiac findings in patients younger than 4 years of age, baseline cardiology studies may be delayed until at least age 4 years.
Interpreting biomarkers in this population can be difficult. As Barr et al. 55 found in their biomarker studies of newborn urine, the concentrations of GL3 in infants before 30 days of age are variable, unreliable, and may be high even in normal infants. Therefore, urine GL3 concentration should not be used as a prognostic biomarker before 30 days of age. 55 Cases ascertained via newborn screening often benefit from genotype and family studies to clarify predicted disease severity. Although there can be intrafamilial variability of symptoms, much can still be gained by looking at other affected family members. In family members who have apparent end-organ damage related to Fabry disease, biopsies looking for GL3 storage in affected organs can clarify the actual severity of Fabry disease. 56 Beyond diagnostic studies, monitoring neurological pain in very early childhood is difficult because of limited communication options with patients younger than 2 years of age. After 3-4 years of age, children are more verbal and better able to explain their pain, although it may be conveyed in nontraditional words and phrases such as "sharp sand in my shoes" or "ants biting me. " Capturing information on episodic pain in children 2 months to 7 years of age could be attempted using validated early childhood surveys, such as the Face, Legs, Activity, Cry, Consolability behavioral pain scores 57 or the Fabry-Specific Pediatric Health and Pain Questionnaire in older verbal children. 58 In the meantime, each Fabry patient's pain should be monitored and treated on a case-by-case basis without ignoring possible symptoms of other common concomitant complaints, such as chronic otitis media unrelated to Fabry disease.
Given the possible bias toward classical symptom onset in published data and symptom variability, each patient's monitoring schedule should be personalized based on their genotype, symptoms, and additional family information. An experienced medical geneticist, metabolic specialist, or other specialty clinician experienced in managing children with Fabry disease will be best positioned to personalize monitoring guidelines using any available information on family members, patient assessment, and genotype.
Treatment suggestions
Intravenous ERT for Fabry disease with agalsidase-β (Fabrazyme, Genzyme, Cambridge, MA) was approved in the United States in 2003 and is also currently available in many countries outside the United States. Another ERT used in the treatment of Fabry disease is agalsidase-α (Replagal, Shire Human Genetic Therapies, Lexington, MA). As of 2014, agalsidase-α is approved for the treatment of Fabry disease in Europe, Canada, and Australia but not in the United States.
Clinical trials have found ERT with agalsidase-α and agalsidase-β to be effective in reducing plasma and tissue concentrations of GL3 in the vascular endothelium of the kidney, skin, and heart. Patients also report improvements in pain and gastrointestinal symptoms. Clinical trials have demonstrated the safety and effectiveness of both preparations of ERT. 36, 42, [59] [60] [61] In theory, the earlier treatment with ERT starts, the greater the potential benefit for patients. This improved response with earlier treatment is supported by a small-scale study indicating that long-term ERT at a dosage of 1 mg/kg every 2 weeks begun in pediatric patients (four patients 7 to 18 years of age) can result in improved urinary ACR, substantial GL3 clearance of the mesangial and glomerular endothelial cells of the kidney, and dose-dependent clearance of renal podocyte inclusions. 52, 53 Several studies and case reports have provided subjective and objective support that ERT with agalsidase-α or agalsidase-β is beneficial and safe in the pediatric population, with data on the earliest patient in published retrospective and prospective safety studies beginning at age 2.5 years.
13,15,41,52,62-67 Patients report subjective improvements in pain, heat intolerance, gastrointestinal symptoms, and sweating. They also report significant reductions in school absences due to sickness. 64 Objective measurements include decreases in plasma and dermal concentrations of GL3 and reductions in the use of anticonvulsants for neuropathic pain. 13, 41, 63, 64, 67 However, long-term data regarding outcome with early treatment of young children or even adolescents are currently limited; the longest prospective studies follow patients for 5 years beginning at the earliest at age 7 years. 52 Given these limited data, it is difficult to draw true conclusions about the long-term impact of early treatment begun before 5 years of age. Clearly, the data are skewed to reflect those patients who have presented with symptoms, rather than reflecting a natural history of the disease in this young age group. In addition, in global practice, there is wide variability in the use of ERT, with some physicians beginning presymptomatic therapy at a young age and others waiting until end-organ damage is evident. 17 This may in part be because of parents and practitioners who want to avoid the medicalization of childhood as well as avoid the cost and invasiveness of ERT. 40 Newborn screening has opened up the possibility for very early treatment and optimal symptomatic management of young children affected by Fabry disease; however, today there are no clear guidelines regarding when to initiate treatment with ERT among the very young. 13, 68 The goal would be to initiate treatment to prevent the onset of symptoms while avoiding unnecessary medicalization of childhood. This optimal time point is elusive and not yet defined. The decision to initiate ERT should be made according to the clinical judgment of the managing metabolic physician in conjunction with the patient's family with reference to all available data on family history, genotype, and the patient's symptoms. This decision should be informed with the knowledge that GL3 accumulation is progressive, end-organ damage is largely irreversible, and there is an improved response in Fabry disease with early treatment. 17, 36, 58, 60 Having said this, ERT is not a "cure" for Fabry disease and does not eliminate the need for concomitant medications, precautions to avoid pain triggers, or ongoing monitoring. 3, 17 Nondrug therapies such as the identification and avoidance of conditions that increase pain or gastrointestinal issues, including extreme heat or cold or physical exertion, should be discussed with parents at the time of diagnosis. 36 Although symptom-specific medications-such as carbamazepine to treat chronic acroparesthesia, angiotensin-converting enzyme inhibitors and angiotensin receptor blockers to reduce levels of proteinuria, and antidepressants-may not typically be needed in early childhood, health-care providers should discuss the use of these medications as needed. 48 Beyond individual exercise and temperature intolerance, there are currently no specific dietary or activity restrictions reported or suggested for patients diagnosed with Fabry disease in early childhood.
Clinical research trials investigating other treatment options, including oral chaperone therapy, oral substrate reduction therapy, improved ERT agents, and gene therapy, are under way at various stages of progression. 69 Although it is unlikely that early SyStematic Review treatment studies will be open to pediatric patients, information about the investigation of new treatment options may be useful for families.
Conclusions
Fabry disease is a variable condition with an insidious progression of subtle changes that begin before birth. This review article strives to consolidate the currently available information on symptoms and symptom onset during the early childhood period, before age 5 years. We find clear evidence that symptoms can occur during early childhood, with well-documented cases as early as 2-3 years. The presenting symptoms to monitor during early childhood include pain, heat sensitivity, and gastrointestinal disease, especially recurrent abdominal pain and diarrhea. However, the scope of this review is limited by the very small number of published reports of this population, which could bias results, skewing them toward more severe patients, whose early diagnosis of Fabry disease may influence symptom detection.
Based on this information, timely referral to a medical geneticist or other specialty clinician experienced in managing children with Fabry disease is strongly indicated early in childhood. An experienced clinician will modify and manage the recommended pediatric schedule of monitoring designed to balance the importance of good clinical monitoring and treatment early enough to avoid end-organ damage, while also avoiding the unnecessary "medicalization" of childhood. To expand our knowledge of Fabry disease onset during early childhood, a large-scale prospective clinical study that monitors symptoms is critical to provide much-needed data in this population and to help clarify best clinical practices.
Although controversial, newborn screening for Fabry disease, where it is already implemented, may provide the opportunity to monitor and treat patients at an earlier age, without a diagnostic odyssey lasting many years. However, because of limitations in phenotype/genotype correlations, it may be difficult to predict disease severity in a child, especially with novel de novo missense mutations. Severity may be easier to predict in cases with affected family members, but such predictions can be limited by the variability that can occur within families.
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